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Clytin is a member of the aequorin family of photoproteins. It is made up of 189 amino acid residues, contains 3 Cat’-binding sites, and shows 
62% homology in amino acid residues to those in aequorin. The cysteine, tryptophan, and histidine residues, and the C-terminal proline, that are 
conserved in aequorin and clytin may be involved in the Ca”-activated bioluminescence of the two proteins. Clytin may also prove useful in the 
determination of Ca’+. 
Bioluminescent: Ca”-binding protein; Coelenterazine; Calcium; Phialidin; Aequorin 
1. INTRODUCTION 
Up to the present time, six photoproteins have been 
isolated and studied from organisms in the phyla 
Cnidaria and Ctenophora [l]. These include aequorin 
[2-51, halistaurin [6,7], obelin [4,5,8], mnemiopsin 
[4,5,9,10], berovin [9,10], and phialidin [7,11]. All of the 
proteins are known to emit light on reacting with Ca’+. 
Further, the proteins are relatively small in size (21.4 
27.5 kDa) and they are thought to contain a common 
organic substrate (coelenterazine) and molecular oxy- 
gen bound in the form of a complex. In the case of the 
best studied example, aequorin, from the hydroid Ae- 
quorea v~ctaria, the binding of Ca” causes a conforma- 
tional change, wherein the protein is converted to an 
enzyme (luciferase), which catalyzes the oxidation of 
coelenterazine by oxygen with the emission of light (&,,,, 
= 470 nm) [12]. The intramolecular light-emitting and 
regeneration reactions are shown below: 
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While the chemical pathway leading to aequorin light 
emission has been studied extensively, detailed knowl- 
edge is lacking concerning the relationship between pro- 
tein structure and function in aequorin. In order to 
study this problem, the cDNA for apoaequorin has 
been previously cloned and the primary structure de- 
duced from the nucleotide sequence [13,14]. Apoae- 
quorin consists of 189 amino acid residues (M, 21,400) 
in a single polypeptide chain and contains 3 EF-hand 
structures characteristic of Ca”-binding sites, as well as 
3 cysteine, 6 tryptophan, and 5 histidine residues. Since 
such a high content of cysteine, tryptophan, and histi- 
dine residues is not commonly found in a Ca”-binding 
protein, it has been suggested that these residues are 
involved in the aequorin bioluminescence reaction [I 5- 
181. It is possible that a further understanding of ae- 
quorin and other photoprotein reactions can be gained 
by comparing the primary structure of aequorin with 
that of another Ca’+-activated photoprotein. Thus, we 
now report the cloning and sequence analysis of the 
cDNA for clytin, the photoprotein also known as phial- 
idin [7,11], from the hydroid CZytia gregarium (formerly 
Phialidium gregarium). The convention of using the 
genus name in naming clytin is adhered to in this paper. 
Specimens of Clytia gregarium (1 S-20 mm diameter) were collected 
using a dip net at Friday Harbor Laboratories, Friday Harbor, Wash- 
ington, during the early part ofoctober, 1991. The live specimens were 
frozen in liquid nitrogen and stored at -SO*C until used. Bacteria1 
strains serving as hosts were E. coli ER1647 (191 (New England Bio- 
labs, Beverly, MA) and E. coliDHSaF’(Bethesda Research Laborato- 
ries, Gaithersburg, MD). The sources of enzymes and chemicals were 
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as follows: lZap II vector [20], restriction enzymes and E. coli T4 
DNA ligase, Stratagene, La Jolla, CA; isopropyl&o-thiogalactopyra- 
noside (IPTG), Calbiochem, La Jolla, CA; guanidine isothiocyanate, 
formamide, sodium dodecyl sulfate (SDS), dextran sulfate, and 
salmon sperm DNA, Sigma Chemicals, St. Louis, MO; Oligotex- 
dT30, Takara Shuzo, Kyoto, Japan; Sequenase (Version 2.0), United 
States Biochemicals, Cleveland, OH; [a-32P]dCTP (3.000 Ciimmol) 
and [a-?S]dATP (1,000 Ci/mmol), Amersham, Arlington Heights, IL. 
Other chemicals were of the highest grade commercially available. 
Nylon membrane filters were purchased from ICN Biochemicals, Irv- 
ine, CA and XAR films were from Eastman Kodak, Rochester, NY. 
Coeienterazine was chemically synthesized 1211. 
2.2 Construction of cDNA library 
Total Clytia RNA was prepared by the guanidine isothiocyanate 
method (221. Twenty frozen specimens (5.2 g) were added to 12 ml of 
guanidine isothiocyanate solution (4 M guanidine isothiocyanate/2.5 
mM sodium citrate/O.5% sodium N-lau~lsarcosine/O. 1 M /I-mercap- 
methanol) and homogenized for 1 min with a Polytron homogenizer 
(Brinkman Instruments, Westbury, NY). The homogenate was stirred 
with 1.2 ml of 2 M sodium acetate (pH 4.0), extracted with 12 ml of 
water-saturated phenol, and mixed with 2.4 ml of chloroform-isoamyl 
alcohol (49:l). The mixture was centrifuged at 10,000 x g for 20 min 
at 4’C and the aqueous layer recovered. The RNA in the solution was 
precipitated with isopropyl alcohol and collected by centrifugation. 
The RNA was again dissolved in the guanidine isothi~yanate solu- 
tion and the isopropyl alcohol precipitation repeated. The yield of 
total RNA was approximately 9OOpg based on absorbance at 260 nm. 
Poly(A)+ RNA was isolated using Oligotex-dT30. Two micrograms of 
poly(A)+ RNA was used for cDNA synthesis by the method of Ka- 
kizuka et al. [23] using a Pharmacia-LKB (Piscataway, NJ) cDNA 
cloning kit. Twenty nanograms of cDNA possessing the EeoRI-L?iotI 
(adaptor) was ligated with 1 pug of tiap II vector 1201 digested with 
EcoRI and then packaged using a Stratagene Gigapack Gold II pack- 
aging kit. The host strain was E. co/i ER1647 [19]. The titer of the 
cDNA library was 6 x lo6 pfu per ml and the average insert length was 
0.6 kb estimated by a PCR method [24], using T7 and T3 primers 
present in jlZap II. Amplification was carried out for 35 cycles in an 
Eppendorf MicroCycler (1.4 min denaturation at 94°C. 2 min anneal- 
ing at 40°C. 3 min elongation at 72°C). 
2.3. Isolation and sequence analysis of clytin cDNA clone 
The clytin cDNA library was screened by the phage plaque hybrid- 
ization method [25]. The probe used for screening was a HindIII- 
EamHI fragment (521 bp) of the aequorin cDNA clone pAQ440 [13], 
Labeled with [cz-32P]dCTP using a Stratagene Prime-it random primer 
kit. Twenty thousand independent plaques (5 x IO3 plaques per 15 cm 
LB-broth plate) were lifted onto nylon membrane filters and then 
cross-linked with a Stratagene UV cross-linker. The filters were hy- 
bridized with labeled probe in a solution of 30% deionized formamide. 
1 M NaCl, 0.5% SDS, 10% dextran sulfate, and 0.2 mg/ml of salmon 
sperm DNA at 37°C for 16 h. The filters were washed with vigorous 
shaking in a solution of 300 mM NaCl/30 mM sodium citrate/O.l% 
SDS for 30 min at room temperature and incubated in a solution of 
15 mM NaCbl.5 mM sodium citrate/O.l% SDS for 30 min at 37°C. 
The washed filters were exposed to XAR film using an intensifying 
screen at -80°C for 16 h. Positive phage clones were isolated, the 
cDNA inserts excised from the AZap II as the pBluescript phagemid 
[20], and the nucleotide sequence determined by a modified dideoxy 
sequencing method [26]. The oligonucleottde primers used in the se- 
quencing were synthesized without a 5’ dimethoxyt~ty1 protecting 
group employing a Cyclone Plus DNA synthesizer (Mi~liGen/Bio- 
search, Novato, CA). The primers used were: #632, 5’- 
GCGGTGGCGGCCGCTCT; #633, 5’CCCTCGAGGTCGAC- 
GGT; CLl, 5’CAACACCAGAACAGACC; CL2,5’AAGTGGCT- 
CAATCAGTT (Fig. 1). 
2.4. Expression of ciytin cDNA tn E. coli and assay for activtiy 
EL co& strain DH5aF’. transformed with the pBlucscript phagemid. 
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was grown with shaking in 1.5 ml of LB medium containing 5Opg of 
ampicillin/ml at 37°C. When the absorbance (;1 = 600 nm) of the 
culture medium reached 0.2 (about 3 h), IPTG was added to a final 
con~ntration of 0.5 mM and the incubation continued for 3 h. The 
cells were harvested by centrifugation, washed with TE buffer (30 mM 
Tris-HC1, pH 7.2, containing IO mM EDTA) and resuspended in 1 ml 
of TE buffer. The cells were disrupted (10 x 10 s, in an ice bath) with 
a Branson (Danbury, CT) Model 250 sonifier. After centrifugation at 
12,000 x g, the supematant was assayed for luminescence activity by 
regenerating the expressed protein with coelenterazine, as previously 
described for aequorin [27]. For this, 1 ml of supematant was incu- 
bated for 2 h in an ice-bath with 5 ~1 of 2-mercaptoethanol and 2 @g 
of coelenterazine (1 ,&@ in absolute methyl alcohol). The mixture was 
placed in a Mitchell-Hastings photometer [28] and injected with 1.5 
ml of 30 mM CaClJ30 mM Tris-HCl, pH 7.6. The initial maximal ight 
intensity was recorded with a Soltec Model S-4201 strip-chart re- 
corder. The initial light intensity was calculated as quanta per set usmg 
a carbon-14 light standard [29]. 
3. RESULTS AND DISCUSSION 
Screening of the clytin cDNA library with a HindIII- 
BumHI fragment of aequorin cDNA, carried out under 
low-stringency conditions, yielded 8 positive clones 
from 2 x lo4 independent clones. Restriction map anal- 
ysis, accompanied by Southern blot analysis (data not 
shown), gave a restriction map of the major clones 
shown in Fig. 1. The 8 positive clones were also ana- 
lyzed for expression of apoclytin (apoprotein of clytin) 
using coelenterazine as substrate. Clones having the lac 
promoter under the control of the lac operator in the 
pBluescript phagemid vector would be expected to ex- 
press active apoclytin. Regeneration of apoclytin with 
colenterazine, O,, 2-mercaptoethanol, and EDTA 
would lead to clytin, as in the regeneration of apoae- 
quorin into aequorin 1271. Subsequent addition of Ca” 
should then produce light emission. The advantage of 
the method is that the luminescence reaction is highly 
specific and light can be detected with high sensitivity 
employing a photomultiplier photometer. Using this ap- 
proach, 4 clones expressing apoclytin were found 
among the 8 positive clones. One of the apoclytin 
clones, designated pCL41, was subjected to DNA se- 
quencing. The complete DNA sequence and the de- 
duced amino acid sequence are shown in Fig. 2. When 
the cDNA was expressed in E. coli DHSaF’ and an 
extract of the cells was regenerated with colenterazine, 
?#632 CL1 * 
CL2 
t 
.1M)bp 
) is33 
Fig. 1. Restriction map and sequencing strategy of clytin cDNA clone 
pCL41. Sequenced regions are shown by horizontal arrows and the 
synthetic primers for sequencing (#632, #633, CL1 and CL2) are given 
in section 2. The shaded box shows the coding region and bold arrow 
indicates direction of lac promoter. 
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(EcoRI/NotI)ATCAACTTTTGCAACTCAAAGCAAATTTCAAAACTTCAAC -1 
ATG GCT GAC ACT GCA TCA AAA TAC GCC GTC AAA CTC AGA CCC AAC 
PMADTASKYAVKLRPN 
P M T S K Q Y S V K L T S D 
TTC GAC AAC CCA AAA TGG GTC AAC AGA CAC AAA TTT ATG TTC AAC 90 
F D N P K W V N R H K F M F N 30 
F D N P R W I G R H K H M F N 
TTT TTG GAC ATT AAC GGC GAC GGA AAA ATC ACT TTG GAT GAA ATC 
F L D I N G D G K I T L D E I 
FLDVNHNGKISLDEM 
GTC TCC AAA GCT TCG GAT GAC ATT TGC GCC AAA CTT GGA GCA ACA 180 
V S K A S D D I C A K L G A T 60 
V Y K A S D I V I N N L G A T 
CCA GAA CAG ACC AAA CGT CAC CAG GAT GCT GTC GAA GCT TTC TTC 
P E Q T K R H Q D A V E A F F 
P E Q A K R H K D A V E A F F 
AAA AAG ATT GGT ATG GAT TAT GGT AAA GAA GTC GAA TTC CCA GCT 270 
K K I G M D Y G K E V E F P A 90 
G G A G M K Y G V E T D W P A 
TTT GTT GAT GGA TGG AAA GAA CTG GCC AAT TAT GAC TTG AAA CTT 
F V D G W K E L A N Y D L K L 
Y I E G W K K L A T D E L E K 
TGG TCT CAA AAC AAG AAA TCT TTG ATC CGC GAC TGG GGA GAA GCT 3h0 
W S Q N K K S L I R D W G E A 120 
Y A K N E P T L I R I W G D A 
GTT TTC GAC ATT TTT GAC AAA GAC GGA AGT GGC TCA ATC AGT TTG 
V F D I F D K D G S G S I S L 
L F D I V D K D Q N G A I T L 
GAC GAA TGG AAG GCT TAT GGA CGA ATC TCT GGA ATC TGC TCA TCA 450 
JJ E W K A Y G R I S G I C S S 150 
DEWKAYTKAAGIIQS 
GAC GAA GAC GCC GAA AAG ACC TTC AAA CAT TGC GAT TTG GAC AAC 
D E D A E K T F K H C D L D N 
S E D C E E T F R V C D I D E 
AGT GGC AAA CTT GAT GTT GAT GAG ATG ACC AGA CAA CAT TTG GGA 540 
SGKLDVDEMTRQHLG 180 
S G Q L D V D E M T R Q H L G 
TTC TGG TAC ACC TTG GAC CCC AAC GCT GAT GGT CTT TAC GGC AAT 
F W Y T L D P N A D G L Y G N 
F W Y T M D P A C E K L Y G G 
TTT GTT CCT TAA ACATCGAAACAAAAGCCCAAAAGAAGTTTTGGAAGAATTATTT b80 
F V P l 
A V P l 
GATACTATCATTTGTTACTATTTCGTAACATGCTATAT 
ATAATTTT(NotI/EcoRI) 
Fig. 2. Nucleotide sequence of the clytin cDNA clone pCL41, the deduced amino acid sequence of clytin (a), and amino acid sequence of aequorin 
(b) [13]. The putative Ca*‘-binding sites are underlined. 
light was emitted upon the addition of Ca*+ (Fig. 3). The 
flash pattern of the luminescence was typically that of 
aequorin [16]. Thus, the clytin luminescence reaction 
appears to be similar, if not identical, to that of ae- 
quorin. 
An analysis of the primary structure of clytin shows 
that it is made up of 189 amino acid residues and be- 
longs to the aequorin family of photoproteins (Fig. 2). 
The N-terminal amino acid residue of the mature pro- 
tein is assumed to be valine, since previously it was 
found from sequencing native aequorin that the latter 
has a valine at the N-terminus [13]. No role for the 
leader peptide (MTSKQYS) of aequorin has thus far 
been found. Alignment of the amino acid sequence of 
clytin and aequorin shows 62% homology in amino acid 
residues. Clytin also has 3 EF-hand structures (Ca*‘- 
binding sites) at identical locations as aequorin. Like 
aequorin, clytin has a proline residue at the C-terminus. 
345 
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Fig. 3. Expression of clytin cDNA clone pCL41 in E. coli. (a) DH5aF 
with pBluescript [20] as control and (b) DHSaF with pCL41. Arrows 
indicate the point of injection of calcium solution. Experimental con- 
ditions are described in section 2. 
This terminal proline has been found essential for lumi- 
nescence activity of aequorin [ 171. The calculated molec- 
ular weight is 21,605 kDa compared to 21,462 kDa for 
aequorin. This value is consistent with the finding of 
23,000 kDa reported for native clytin [l 11. The hydropa- 
thy plots of the two proteins (data not shown) show a 
somewhat greater hydrophilicity for clytin than ae- 
quorin. Clytin also has a relatively high content of cys- 
teine (3), tryptophan (6), and histidine (4) residues, of 
which CYS’~~, Trp12, TrpE6, Trp’08, Trp’29, Trp’73, His16, 
His5* and His169 are conserved in both proteins. Thus, 
these’ residues may have significance in the Ca2+-acti- 
vated light emission of aequorin and clytin. 
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